The Andromeda Galaxy (M31) is a nearby (∼780 kpc) galaxy similar to our own Milky Way. Observational evidence suggests that it resides in a large halo of dark matter (DM), making it a good target for DM searches. We present a search for gamma rays from M31 using 1017 days of data from the High Altitude Water Cherenkov (HAWC) Observatory. With its wide field of view and constant monitoring, HAWC is well-suited to search for DM in extended targets like M31. No DM annihilation or decay signal was detected for DM masses from 1 to 100 TeV in the bb, tt, τ + τ − , µ + µ − , and W + W − channels. Therefore we present limits on those processes. Our limits nicely complement the existing body of DM limits from other targets and instruments. Specifically the DM decay limits from our benchmark model are the most constraining for DM masses from 25 TeV arXiv:1804.00628v2 [astro-ph.HE] 3 Apr 2018 2 to 100 TeV in the bb, tt and µ + µ− channels. In addition to DM-specific limits, we also calculate general gamma-ray flux limits for M31 in 5 energy bins from 1 TeV to 100 TeV.
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I. INTRODUCTION
There is ample evidence, from the early Universe to the present, that suggests the majority of matter is composed of a new substance called dark matter (DM). DM is theorized to be a particle that exists outside the Standard Model of particle physics [1] [2] [3] . The observational evidence for DM is based primarily on its gravitational influence making the particle nature (e.g. mass, interaction strength) of DM elusive.
Many particle candidates for DM are proposed, such as Weakly Interacting Massive Particles (WIMPs) [4, 5] , and are predicted to annihilate or decay to Standard Model particles. These annihilations or decays are expected to produce a pair of Standard Model particles most of whom fragment and produce showers of secondary particles including gamma rays. This results in a continuum in energy of gamma rays in addition to other particles coming from their regions. We can search for these gamma rays with the High Altitude Water Cherenkov (HAWC) Observatory, which observes 2/3 of the sky from ∼500 GeV to ∼100 TeV every day. Since gamma rays from the local group are not noticeably scattered on their way to Earth, we can use HAWC to search for gamma-ray excesses from known DM targets, several of which lie in the HAWC field of view. While other DM candidates exist (e.g. primodial black holes [6, 7] , axions [8] , and axion-like-particles [9] ), TeV WIMPs and WIMP-like particles are well motivated and worth searching for.
The current best limits for canonical WIMP masses (10-100 GeV) are from the Fermi Large Area Telescope (Fermi LAT) Collaboration gamma-ray search in 15 dwarf spheriodal galaxies [10] . These limits exclude WIMPs that were in thermal equilibrium in the early Universe for masses below 100 GeV for particle DM annihilation to a pair of b quarks (bb) or tau leptons (τ + τ − ). This, along with a lack of DM detection at the Large Hadron Collider (e.g. [11] [12] [13] [14] ) or in underground direct detection experiments (e.g. [15, 16] ), motivates searches for TeV gamma rays from higher mass DM annihilation or decay [17] [18] [19] .
A good DM target for HAWC is the Andromeda Galaxy (M31) given that it is only ∼780 kpc away, has a large inferred dark matter content [20] , and that it resides in the HAWC field of view. Additionally, with HAWC's large field of view (∼ 2 sr), we can uniquely observe the majority of the extended M31 DM halo at TeV energies. Similar to the Milky Way DM halo, M31 is known to have several dwarf galaxies [21] . These clumps * amalbert@lanl.gov † christopher.eckner@ung.si of DM (or subhalos) are evidence of the existence of substructure within the M31 DM halo. Therefore one must model both the underlying smooth component and the substructure. M31 is detected at GeV energies by the Fermi LAT [22] . This is expected since cosmic ray interactions are predicted to also create gamma rays. However, a recent paper explored the implications of interpreting the Fermi -LAT signal as coming from DM [23] .
In Section II, we describe the DM models used in this search. In Section III, we discuss the HAWC instrument, the data set, and the data analysis techniques used. We show results in IV, and conclude in Section V.
II. M31 DARK MATTER MODELING
The expected gamma-ray flux for a given angular region of interest (ROI, ∆Ω) from DM annihilation ( dφ Ann dEγ , Eq. 1) and decay (
and
where σv is the velocity-averaged DM annihilation cross section, dNγ dEγ is the channel-specific gamma-ray differential spectrum, m DM is the DM mass, ρ DM is the DM density, and τ DM is the DM lifetime.
Each equation is composed of a spectral term and a spatial term in the right and left parentheses respectively. The spectral term for a given DM mass and channel is derived using the DMSpectra class in the Multi-Mission Maximum Likelihood (3ML) software 1 [24] . It is identical to the Fermi -LAT tool DMFitFunction [25] 2 for m DM < 10 TeV. For m DM > 10 TeV, the annihilation and decay spectra are those from the HAWC dwarf spheroidal study [26] . The gamma-ray energy spectra are derived using Pythia [27, 28] where both initial particles from DM annihilation or decay have an energy of m DM and
respectively. This is because we assume that DM is cold and the center of mass energy is simply the DM mass energy. We note that we only consider gamma rays from prompt emission, though additional gamma rays produced during secondary inverse Compton scattering could effect the leptonic channels spectra [29] . This makes our results conservative.
The spatial term, called the J−factor or D−factor for annihilation and decay respectively, is determined by the modeling of the DM halo in M31. It involves an integral over the line of sight (l.o.s) of ρ 2 DM for DM annihilation and ρ DM for DM decay as a function of position . One typically assumes a spectral model (e.g. 1 TeV mass DM annihilating or decaying to a pair of b quarks) and a DM halo model and solve for either σv or τ DM given an observed gamma-ray flux. For a given spectral model, the expected gamma-ray flux from DM annihilation (decay) is proportional to the J−factor (D−factor). Therefore targets with larger J−factors (D−factors) probe σv (τ DM ) more deeply.
We simply model the emission from M31 as coming from DM only. This is because the non-DM backgrounds are expected to fall steeply at TeV energies. Even extrapolating from the best fit to the Fermi -LAT data [22] , the expected flux at TeV energies is much lower than the HAWC sensitivity. Also, not including an additional non-DM component in our fits makes our results conservative.
To account for the uncertainty of the DM density distribution (and therefore the J− and D−factors) of M31, we define two limiting DM templates (MAX and MIN) that represent some of the most optimistic and pessimistic models of DM clustering in an M31 sized galaxy. MIN and MAX produce the smallest and largest J−factors respectively. We also create a benchmark template (MED) that is the model best representing recent observations and simulations.
We use the public code CLUMPY [30, 31] to generate J−factor and D−factor maps of M31 for annihilating or decaying DM given the model parameters. From CLUMPY, we generate 14
• ×14
• J−factor and D−factor maps. This corresponds to a radius of 7
• from the halo center, which is where the J−factor decreases by approximately 2 orders of magnitude. Below we describe the MIN, MED, and MAX model parameters which are summarized in Tab. I.
Our M31 DM halo models contain both a smooth component and a substructure component. To define the smooth component of our DM halo models, we use the parameters of the fits of various DM density profiles to the observed M31 stellar velocity curves reported in Ref [20] . The DM profiles are spherically symmetric and peak towards the center of M31, but their inner slopes are not well constrained by the stellar velocities.
In addition to the smooth halo, we know that smaller overdensities of DM exist from observations of dwarf galaxies in the M31 DM halo [21] . Recent high-resolution N-body simulations of spiral galaxies like the Milky Way and M31 also reveal the existence of smaller DM halos (subhalos) within the larger smooth DM halo [32] [33] [34] . This substructure can lead to a substantial boost of the gamma-ray signal from sources like M31 in case of annihilating DM [35, 36] (decaying DM is not very sensitive to subhalos). For the substructure, we need to specify several parameters that govern the amount and distribution of subhalos in the DM halo. The parameters with the largest impact on the expected J−factors and D−factors are:
-The index α of the subhalo mass function dN/dM -the fraction of the DM halo mass which is stored in substructure, f sub , -the minimal mass of DM subhalos M min , and -the concentration of subhalos c sub [37, 38] .
Recent N-body simulations of DM halos suggest that the subhalo mass function is a power-law (dN/dM ∝ M −α ) [32, 33] . Large values of α result in larger Jfactors. If a larger fraction of the total mass of the halo is in substructure (larger f sub ), the J−factor is larger. This is because subhalos not located in the very center of the halo are more dense than the smooth component and contribute more significantly. Therefore more substructure gives a larger boost to the total predicted gamma-ray flux from DM annihilation since the J−factor is proportional to an integral over ρ The concentration, c sub , describes the DM density in subhalos for a given subhalo mass and radial distance from the center. It is determined by the subhalo DM density profile (assumed to be a Navarro-Frenk-White profile [39] ) and total subhalo mass. Larger mass halos tend to be less concentrated than smaller mass halos. For c sub we rely on the most recent model of the concentration parameter of subhalos [38] 3 . This model reports a flattening of the concentration of subhalos towards the low-mass tail of the relation and, furthermore, it includes a dependence on the position of the subhalo within its host halo. We use this concentration parameter model for all three DM halo models.
Finally, we need to decide if the radial distribution of subhalos inside their host halo follows the smooth DM density profile (biased subhalo distribution) or if we want to account for tidal disruption and other effects in the inner regions that would spoil a biased behaviour. This case is usually called an antibiased subhalo distribution and would decrease the expected gamma-ray emission from M31. However, the authors of Ref [38] argue that tidal disruption of subhalos does not diminish the boost from substructure to a large extent. Thus, we use a biased subhalo distribution for each of our three DM templates of M31.
We show in Fig. 1 the generated radial profiles of the J− and D−factors using the models defined below and whose main parameters we summarize in Tab. I. The total J− and D−factors in our ROI are given in Tab. II. Note that the MED and MIN D-factors are larger than the MAX D-factor since the virial halo masses (M vir ) are larger.
A. MIN DM Halo Model
For the smooth halo component we find that the Burkert [40] profile yields the smallest total J−factor because it has a nearly constant inner DM density. This is because it is more cored (less cuspy) than others considered in Ref [20] . Additionally, the best fit of the Burkert profile to the velocity rotation curves results in a smaller total M31 halo mass.
A recent N-body simulation of DM halos, the Caterpillar simulation (2015) [34] , simulated 24 Milky Way sized halos. The authors found that about 12% of the total halo mass is stored in its substructure (f sub = 0.12) while they achieve a resolution of O 10 4 M for subhalos. The best fit value of the subhalo mass function's index (α) in the Caterpillar simulation is given by α = 1.9 ± 0.10. Therefore we adopt α = 1.9.
For our MIN model we choose M min = 10 6 M as this value is the upper limit for this parameter in CLUMPY and it is comparable to the mass of the least massive dwarf spheroidal galaxies [41, 42] .
B. MED (benchmark) DM Halo Model
Our MED model uses the parameters of current best fit observations and simulations of the M31 DM halo. For the smooth component, we choose the Einasto profile [43] , which is a cuspy profile that rises towards the galactic center. It is less cuspy than the canonical Navarro-Frenk-White profile [39] . However observations of spiral galaxies suggest that the central cusp isn't as steep as the Navarro-Frenk-White profile [44, 45] . In addition this profile fits well to recent N-body simulations [43, 46] and also is not ruled out by M31 rotation curves [20] .
For f sub we use a slightly larger value than in the MIN model (f sub = 0.19) for our MED model. This is the value found in the Aquarius simulation [32] . For α we use the best fit value from the Caterpillar simulation (α = 1.9). We relax the extreme value of M min = 10 −12 M used in the MAX case to M min = 10 −6 M which is frequently used in the literature.
C. MAX DM Halo Model
In the MAX model, we model the smooth component as an adiabatically contracted profile. Since this profile rises steeply towards the galactic center, it results in the largest J−factor. M31 seems to be the only well-studied galaxy which showed evidence of adiabatic contraction around its central region [47] . We adopt the model "M1 B86" of [48] , which is the best-fitting model to the Hα rotation curve from Ref [49] . We determine the smooth DM density profile by reading off the "Halo" mass-toradius curve in their Fig. 6 and converting it into a radial density profile via ρ(r) = 4πr 2 −1 dM/dr.
While for the MIN models we used f sub = 0.12, this was based on the Caterpillar simulation with subhalo mass resolution of O 10 4 M . However it has been shown that the minimal subhalo mass depends on the particle physics nature of a DM particle so that it can cover more orders of magnitude, even values down to 10 −12 M [50, 51] . Previous N −body simulations like the Aquarius project or the Via Lactae simulation [32, 33] extrapolated their results down to smaller subhalo masses and found that at most 45% of the total DM halo mass can be present in form of substructure. We therefore use f sub = 0.45 for our MAX model.
We take the upper range of the best fit value of α from the Caterpillar simulation (α = 1.9 ± 0.1) for our MAX model: α = 2.0. We also define the smallest subhalo mass to be 10 −12 M , which results in the largest J−factor. the sky each day from ∼500 GeV up to ∼100 TeV [52] . It consists of 300 large light-tight tanks of water. High energy cosmic particles (e.g. protons and gamma rays) produce showers of secondary particles in the atmosphere that are detected in the tanks via Cherenkov radiation. The full HAWC array was completed in March of 2015. HAWC operates day and night during any weather with a >90% duty cycle. HAWC is located in Sierra Negra, Mexico at an altitude of 4100m at latitude 18
• 59.7 N and longitude 97
• 18.6 W . HAWC observes extensive air showers initiated by high energy particles in the atmosphere. HAWC's angular resolution and background suppression depend on the number of photomultiplier tubes hit, so we bin the data according to what fraction of the available photomultiplier tubes were hit (see Ref. [52] Table 2 for exact bin definitions). We use analysis bins 1-9. These analysis bins correlate with energy, but still have large energy dispersions (see Fig. 3 of [52] ). More details on the HAWC detector can be found in Ref. [52] .
We perform a likelihood ratio test using the 3ML software [24] . Specifically the likelihood for the signal and null hypotheses is the Poisson distribution in each bin.
where B i,j is the number of background counts, S i,j is the number of signal counts, and N i,j is the number of observed counts. The index i counts over analysis bins, or fHit bins. The index j counts over the spatial pixels. We use a 14
• ROI where each pixel is 0.1
• . The number of background counts is calculated using a process called 'direct integration' [52, 53] , which depends on the approximation that the HAWC data is dominated by background. In direct integration, the all sky event rate is convolved with an approximation of the local detector efficiency. The local detector efficiency is approximated by counting the events that arrive from the same location in the HAWC field of view as the ROI (e.g. same declination and local hour angle). This convolution is performed over 2 hours. The number of signal counts is calculated by convolving Eq.1 (or Eq.2) with the HAWC instrument response. Therefore σv and τ DM are free in the fit for DM annihilation and decay respectively.
We then calculate a test statistic (TS) to compare the fit with signal to the background-only fit.
where L 0 is the likelihood from the background-only fit and L max is the likelihood from the best fit with the signal model. A significant detection would have TS ≥ 25. When no significant detection is made we will set 95% confidence level (CL) upper limit (UL) on σv and lower limit (LL) on τ DM as the values where the T S increases to 2.71 relative to the best fit value [54, 55] . Very high energy photons (E > 100TeV) are expected to attenuate on the extragalactic background light [56] and even the Milky Way interstellar Radiation Field [57] . Our analysis uses photons up to ∼50 TeV where these effects are negligible (<10%).
IV. RESULTS
We searched using the MIN, MED, and MAX DM halo models for DM masses 1, 2.5, 5, 10, 25, 50, 100 TeV for DM annihilating or decaying into bb, tt, τ + τ − , µ + µ − , and W + W − . No significant gamma-ray excess was found in any of the fits and therefore we set limits. Note these limits are calculated using the prompt gamma-ray emission only (no secondary inverse Compton gamma rays included). Figure 2 is the significance map of the 14
• × 14
• ROI along with contours for the MED DM halo model J−factor. Figure 3 shows the observed limits for DM annihilation and decay to bb for our benchmark DM halo model (MED). The expected limits, 68% and 95% containment for the null hypothesis are also shown. The containment Results from all models tested are listed in Tab. III and Tab. IV. For each channel, the benchmark DM halo model is shown in black along with the MIN and MAX models to show the uncertainty in the limits due to DM halo modeling. The difference between the MIN and MAX scenarios is larger for annihilation because the main differences in the DM density between the two models come from the central DM density of M31 and the contribution from subhalos. Since the J-factor is calculated using the square of the DM density, therefore these central differences produce larger differences in the J-factor than the D-factor.
These limits on the DM annihilation cross section and lifetime depend on the modeling parameters chosen (e.g. MED, DM DM→ bb). However, these limits are ultimately determined by a lack of gamma-ray flux detected from M31. Gamma-ray flux limits are more general than those from a specific DM model. Calculating the exact gamma-ray flux limits at specific energies is not possible with the current HAWC data analysis. Instead of binning the events by their energy, we perform the likelihood analysis in analysis bins 1-9. Future HAWC analyses will be able to provide a reconstructed energy for each shower using a multi-parameter characterization including the number of PMTs hit, the zenith angle, and the core location [58] . However, we can derive quasi-differential flux limits using the procedure outlined in Ref. [59] and Ref. [26] . The quasi-differential flux upper limits were calculated using the analysis bin in small energy ranges. We use 0.5 log(E/T eV ) bins and assume a power law function with index 2 as an approximation of the signal.
We find the best fit value of the normalization (K) in each bin, allowing K to go negative to account for deficits. We also calculate the 95% confidence level upper limit by finding the value of K that increases the loglikelihood by 2.71 relative to the best fit value [54, 55] . The resulting best fit normalization and 95% confidence level upper limit is shown in Fig. 6 . We find a deficit of gamma rays from 1 -10 TeV. This is expected since the DM limits show a ∼ 1σ deficit (see Fig 3) . It should also be noted that the flux upper limit results obtained by this method are similar when modifying Eq. 5 to have indices ranging from 0 to 3 at the center of each energy bin [59] .
V. DISCUSSION AND CONCLUSIONS
We searched for gamma rays from DM annihilation and decay in M31 and did not find any significant detection. The limits on the DM annihilation cross section and DM (bottom) The 95% confidence level upper limits from this analysis and a VERITAS analysis of M31 [60] . Also shown is an extrapolation of the recent best fit to the Fermi LAT observations of M31 [22] .
decay lifetime are given in Section IV and App. A. We compare our benchmark model (MED) to other recent HAWC analyses in Fig 7 and 8 . Specifically we compare to a combined analysis of 15 dwarf spheroidal galaxies [26] and also limits obtained by studying the northern Fermi bubble region assuming the Einasto profile [61] . Our annihilation limits are less constraining than the dwarf spheroidal limits. This is because the dwarf annihilation limits are dominated by Triangulum II, which had a J-factor of 2. We also compare our limits to limits obtained from constraining the gamma-ray flux in the northern Fermi bubbles region [61] . Though several DM density profiles were considered in that paper, we compare to the Einasto profile, which gave the strongest constraints in that work. Our annihilation and decay limits are more constraining than the Galactic Halo annihilation limits for most masses considered. It should be noted that the Galactic Halo limits extend to m DM = 10 PeV.
We also compare our annihilation limits to those obtained by other gamma-ray experiments. In all channels, our limits nicely complement those from the Fermi LAT, VERITAS, and MAGIC. In all channels the most constraining limits are from H.E.S.S. observations of the Galactic Center [62] . This is partially due to the Galactic Center having a larger J-factor and the fact that H.E.S.S. performed deep observations of the Galactic Center. Nonetheless, it is important to search for signals in other targets with other instruments to fully explore the DM paradigm. Each DM target represents a discovery space where a DM signal could be found. Additionally, a detection of gamma rays from DM annihilation or decay will need to be seen in multiple targets to truly confirm a DM origin.
We compare our decay limits with the limits from VERITAS observations of Segue I [63] , Fermi LAT observations of 19 dwarf spheroidal galaxies [64] , an analysis of the extragalactic background light with Fermi LAT observations [29] , and results from IceCube's search for neutrinos from DM decay [65] . Additionally we compare to the other HAWC searches. The MED halo model limits obtained in this work are the most constraining for masses from 25 TeV to 100 TeV in the bb, tt and µ + µ − channels.
Additionally we derived quasi-differential flux limits from 1 TeV to 100 TeV. Previous high-energy gammaray limits on M31 have been derived by VERITAS. They calculated the 95% confidence level upper flux limit to be 6.9 × 10 −12 TeV −1 cm −2 s −1 at 416.9 GeV and 2.7 × 10 −11 TeV −1 cm −2 s −1 at 346.7 GeV [60] . Our limits nicely complement the VERITAS limits since they extend to higher energies.
In conclusion, we searched for gamma rays from M31 from DM annihilation or decay. No gamma-ray excesses were detected and limits were placed on the DM annihilation cross section and decay lifetime. We also present quasi-differential gamma-ray flux limits for M31. Our annihilation limits complement other searches using HAWC and other gamma-ray observatories. Our decay limits are the most constraining from 25 TeV to 100 TeV in the bb, tt and µ + µ− channels. Continued observation of M31 by HAWC, along with analysis upgrades, like the inclusion of shower energy estimators, will improve its sensitivity to detecting gamma rays from M31. [61] are shown in blue. The HAWC limits obtained from a joint analysis of 15 dwarf spheroidal galaxies [26] are shown in black. The VERI-TAS limits obtained from a joint analysis of 5 dwarf spheroidal galaxies [66] are shown in green. The Fermi Large Area Telescope limits obtained from a joint analysis of 15 dwarf spheroidal galaxies [10] are shown in purple. The MAGIC limits obtained from 160 hours of observation of the dwarf spheroidal galaxy Segue I [67] are shown in cyan. Finally the H.E.S.S. limits from observations of the Galactic Center [62] are shown in orange.
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